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C ontamination is the number one reason for operational problems and failures in power fluid systems. Studies show that improving a hydraulic system's cleanliness by four levels on the ISO 4406 scale could reduce system failures by a factor of 10. As with any mechanical system, high reliability can only be assured by efficient and regular maintenance. There is a need for a simple on-line monitor capable of giving a reliable measure of relative fluid contamination level on a continuous basis but sufficiently rugged for operational use in aerospace, military and industrial environments. This paper describes such a device.
Introduction
Hydraulic systems have a reputation for a high level of reliability. However, the real cost of a hydraulic system failure can be very high: through damage or loss of production and can outweigh the cost of the hydraulic system compo~ents themselves. There is a strong case for condition monitoring techniques to be applied not only to the major components of a hydraulic system, such as pumps and valves but, also, to the system as a whole. By measuring overall system "health", the benefits of planned maintenance and breakdown warning can be realised.
In the first instance, operators should know if their system is contaminated or not, and if it is significant. They should also be warned the instant any significant contamination occurs so that pro-active measures can be taken to avoid unscheduled system down-time or catastrophic failure. Therefore, the answer is not in random sampling, or patch tests, or in particle counting, or even in the ISO or NAS grade. It is identified by the Gravimetric Test. Continuous, gravimetric testing (measured in mg of contaminant per litre of fluid) is the only real-time answer to the pro-active control of oil cleanliness for hydraulic and lube oil fluid power systems. For this reason, the gravimetric principle was pursued as detailed in this paper.
It has been established through extensive surveys of industrial, aerospace and marine hydraulic systems that there is a strong correlation between reliability and the level of contamination present in the working fluid of system. Clean systems not only have a reduced incidence of sudden catastrophic failure (such as component seizure), but also sutTerfewer problems from pump and motor wear, seal leakage and inefficient operation.
Figure I (above) shows the relationship betw~en Gravimetric Loading (mg/l at >311m) and Mean TIme Between Failure (MTBF). When the system is kept at cleanliness values less than 0.1 mgll, a typical hydraulic system will maintain some 15,000 hrs MTBF.~houl~co~ tamination increase to 0.4 mg/I, and no correctIve actIon IS taken, MTBF could fall to 8,000 hrs -indicating the high likelihood of component failure. Should contamination increase further, beyond 0.4 mgll, MTBF is then predicted at only 2,000 hrs -forecasting the imminent probability of system failure.
. The contamination level of the fluid thus serves as an Ideal yardstick with which to measure hydraulic system condition. However, contamination is by nature a random phenomenon with many parameters to be considered before arriving at a quantitative measure of "level". Consequently, the measurement is not straightforward and is normally achieved by taking samples of fluid from the system tank or from sampling points, and analysing these under laboratory conditions. These methods will give an approximate picture of the fluid's condition at the time ofsampling but, due to time delays, cost and organisational requirements are not ideal as a means of condition monitoring. Figure 2 shows the distribution of contaminant over a two-hour period. These are actual figures using a real-time contaminant monitor (of the type described in this paper) applied to a well-maintained hydraulic ring main. Modest Many mechanisms may be devised to allow the cyclic action to take place, and several options, both mechanical and electromechanical, were considered during the early stages ofthe development ofthe monitor. However, before a working monitor can be designed, the optimum physical dimensions of the sensor, and tbe means to detect the blockage of the clearance, need to be detennined.
A development progranune was set up using a test rig. The test block contained a pressure-balanced spool and sleeve through which fluid of known contamination ievel was passed. The rig was arranged so that pressure, flow rate, temperature and sensor dimensions could all be controlled and altered by adjustment or changes to components. Answers to the foHowing questions were sought: 1) How reliable and repeatable is blockage of the clearance? 2) What is the most reliable way of detecting blockages? 3) How sensitive is the process to pressure, flow rate, temperature, etc? 4) What levels and particle size ranges of contaminant can be detected?
The monitor puts to use the well-known problem of silting. Fine solid contaminant ("silt") present in hydraulic systems can accumulate around the small clearances in precision spool components, causing erratic operation. The troublesome component effectively acts as a fine filter with a very closely controlled pore size, trapping all contaminant W1able to pass down the radial clearance between the component faces.
In essence, the monitor is a precision instrument deliberately arranged to be exposed to contamination in the hydraulic system. Because the spool to body clearance ( Figure 3 ) is well defined and controlled within close limits, the silting phenomenon is highly repeatable within the random variation of contamination and may therefore be used as a measure of contamination level.
By allowing the radial clearance to block with contaminant, detecting the blockage and then withdrawing the spool to allow the blockage to clear, a cyclic device may be
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Principle of Operation
The sensitivity of a contaminant monitor needs to be matched to the application. For example, systems using precision hydraulic components require a monitor capable of detecting smaller particles at lower concentrations than in mobile and off-road vehicle hydraulics . 
Required Features for the Monitor
To fulfill the requirements of on-line contamination measurement, the following features were considered desirable for the monitor: i) It must be capable of detecting the types and size ranges of particles known to give reliability problems in hydraulic systems. It should be sensitive to all solid contaminant whether external in origin or generated within the system, including metallic particles, casting sand, PTFE tape, rag filaments, etc.
ii) It should be non-sensitive to nonnally non-damaging contaminants, e.g. fine SUb-micron carbon particles which can "blacken" oils, nor to the presence of small air bubbles in the fluid.
iii) It should be adequately robust to withstand the environment of the system to which it is fitted and should be unaffected by normal variations in temperature and vibration, and reasonable physical abuse. iv) Its operation should be independent of fluid viscosity and fluid pressure and should be incapable of saturation. v) To give the earliest possible warning of system failure, the monitor should be capable of detecting particles approaching I flm in size.
vi) It should not impos~·any-»trictionsin terms of pressure, flow temperature, etc, on the system monitored. It should not be capable of "introducing" contaminants into the system. vii) The monitor should be capable of giving either a local reading or an output to a remote logger, thus being part of a larger condition monitoring system. viii) The life and reliability of the monitor should be considerably better than the system it is monitoring. Service requirements and skills should be within the capabilities of nonnal maintenance persorrnel.
ix) The physical size and weight should be as small as possible, allowing use in airborne and other operational environments.
changes to operating parameters (such as shock loading (spikes A), flow rate changes (spike B) and a filter change (spike C)) caused significant contamination to migrate through the system. If this system had been sampled using a particle counter, only a single evaluation of fluid condition would have been obtained. This could have shown NAS level 3 or level 12, depending on nothing more than chance. In reality the ring main was operating at perfectly acceptable levels.
There is, therefore, a need for a simple on-line monitor capable of giving a reliable measure of relative fluid contamination level on a continuous basis. The use and cost of the monitor should be such that it can be pennanently fitted to the hydraulic system. Jlleasuremem+Control 49 5) How long does a cycle need to take? 6) What are the optimum sensor dimensions? 7) Would the "sticking" problems of silted spool valves also apply to sensor head?
Sensor Dimensions and Clearance
Tests with various dusts showed that the target of <3~m minimum particle size did not require a radial gap of3~m, since bridging of particles across the gap occurred and so a radial clearance greater than the minimum detectable size could be used. This eased manufacturing problems and costs. Similarly, the radial clearance axial length was found to be non-critical provided a certain minimum was exceeded, as was the required withdrawal distance to clear the contaminant. The "sticking" phenomenon common with spool valves did not occur under any degree of contamination. This is probably due to the spool withdrawal movement being in the same direction as the fluid flow, so that there is no tendency to drag contaminant particles into the radial gap.
A particularly pleasing result of the initial tests was the ease with which accumulated contaminant could be cleared. As far as may be determined from external measurements, opening up the clearance by withdrawing the spool effects a complete and virtually instantaneous removal of accumulated contaminant. A clearance time at approximately 100 mls was found to be adequate to restore initial conditions. This rapid and complete clearance of contaminant is important for an accurate and repeatable cyclic device and to minimise any external effect on the operating system.
Detecting the Blockage
The flow of fluid (Q) through the sensing gap will be laminar for any commonly used fluid and so will be directly proportional to the pressure drop (Pd) across the land and the radial clearance (c). Accordingly, as the gap becomes blocked, the effective value of c reduces to near zero. Two basic detection methods are possible: i) Make the flow rate (Q) constant and detect the rising value of Pd. ii) Make Pd constant and detect the falling value of Q.
Both methods have advantages. Initially, detecting a rising pressure difference appears attractive since it fulfills the requirement of giving a rising signal with respect to time and is thus ideal for tripping circuits to cause the device to cycle or to generate an alarm signal. However, constant flow rates are not common in hydraulic systems and so any practical monitor will require its own separate pump to provide a measured flow, adding to cost and complexity.
At constant pressure, flow rate drop reduces to virtually zero as the sensor gap blocks -the final approach to zero being approximately exponential. Because of the fme gap size, the initial flow rate is very small ( 0.3 mVsec.) and so accurate detection is difficult. Detecting the point at which this flow becomes "zero" was virtually impossible. Initial work showed that, if the measured quantity is the total volume passed, then all that is required is to measure the single value after a suitable period of time, when the volume/time curve has reached its maximum value.
Test rigs showed that the total volume passed varied with
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contamination level in the manner expected and has the desirable characteristics of maximum sensitivity at low levels of contamination. Furthermore, the total volume was relatively insensitive to changes in pressure drop across the sensor or viscosity changes in the fluid. Accordingly, the first device prototypes made a measurement of the "total volume to block" by allowing fluid into a cylinder and piston arrangement or similar, and assessing the distance the piston moved with a lvdt to calculate volume passed within a suitable time interval. This method proved highly accurate; however, for cleaner fluids, the volume to block volume increased dramatically (over one litre)~the'-size of the measuring sensor became untenably large. At this point in the development, the decision was made to dispense with the volume to block concept and to develop a flow meter device that could detect and measure (Q) directly.
Accuracy, Repeatability and Calibration
Contamination is by its very nature difficult to quantify, and it is generally only possible to compare like with like. Translation from, for example, particle counts to gravimetric levels or patch tests are possible, but these rely on a fixed type of test dust or known particle size distribution. A contaminant type that differs from the test dust will give a different relationship.
Standard classifications are intended to relate established instrument readings to contaminant effect -a requirement that this contaminant monitor approaches directly. The operating gap of the sensor can be directly related to the critical clearances in a fluid power system and therefore provides an indication of the contaminant concentration and particle sizes likely to cause problems. The gap clearance can be controlled to match the critical components in a system -such as servo valves, piston pumps, or actuators.
Simulation and the Development of the "Multi-Sampling" Principle
The contamination meter concept relies upon the blocking of an annular flow land similar to that found on the spool of a valve (I). The flow across the land is assumed to be in accordance with laminar flow theory. For a full annular flow area, the flow rate (Q) for a pressure drop (Pd), across an annulus length (l) and a radial clearance (c) at radius (r) is given by the equation:
(1)
where (p) and (v) are the fluid density and kinematic viscosity respectively and (e) is the eccentricity of the inner relative to outer annulus diameters. The areas (Ae) and (As) represent the effective flow areas after an elapsed time and at the start of flowing respectively.
Further, it might be assumed that if the fluid passing across the land is contaminated and the land clearances are appropriately sized, then the percentage of effective annular flow area at any instant time might become blocked in proportion to the amount of fluid volume displaced across the land.
If the above statement is true, tbis gives rise to a second equation, where if we have a start flow area (As) at time zero, then after an elapsed period of time (le) the effective area (Ae) will be given by: le (2)
where s is defined as "% blocked area per unit volume" and Q is the flow rate across the radial clearance. The integral of flow over time results in an accumulated flow volume (Ve) which, when blocked will be the measure of fluid cleanliness.
Direct Measurement of the Contaminated Volume (Vc)
The simplest approach is to simply let the fluid flow across the land into a sampling cylinder. Measurement of the piston displacement in the fully blocked condition then gives representation of the contaminated volume and therefore the level of fluid contaminant (see Figure 3) . However, there are two main problems with the direct approach. Firstly, for low contamination levels, a large piston is required, making the size of the device prohibitively large; and, secondly, the time to reach the blocked volume (Vc) may be excessive or maybe never would be reached.
An important feature arising from this assumption is that if the flow rate is allowed to continue for long enough, then eventually a near totally blocked situation will OCcur and the displaced volume (lie) at that point will be a measure of the fluid cleanliness. The bigger the volume the lower the level of contaminant. In this report the term "Contaminated Volume (Vc)" is used to define this measurement volume.
A key aspect of Vc as a measure of contaminant levels is that if the blocking assumption is true, it will be independent of pressure drop, viscosity density and all of the other physical parameters of the fluid. This means that a device that can measure Vc may be used in a large variety of situations with few restrictions on operating conditions.
The Multi-Sampling Principle
The problems of single-shot sampling are overcome by the use of a much smaller piston that is repeatedly filled and emptied as shown in Figure 4 . This process referred to in Featllre + this report as "Multi-Sampling".
The sampling process is controlled by the Sampling Controller in the following manner: • A cleared silt land is exposed to the incoming fluid and the small sample cylinder is allowed to fill unhindered • After the filling process is complete the sampling controller causes the cylinder to be emptied and re-set without hindering the land silting process.
• This cycle is repeated for an appropriate number of samples at fixed time intervals.
During this process the Contaminant Estimator performs the following tasks:
• The Accumulated Volume Register inside the controller is cleared at the start of sampling.
• The contaminant estimator reads the piston position in real-time at two points during the filling process. The time taken to move between the two positions is also recorded.
• The change in position and time interval is used to give an indication of the piston speed, representative of the flow rate into the cylinder (i.e, electronic differentiation of the position signal).
• Since the sampling process is at a fixed time interval (say 15 seconds) controlled by the sampling controller, then the calculated flow rate can be used to estimate the displaced volume over that time frame (e.g. flow rate x 15 sec).
• This value is added to the Accumulated Volume Register and the "sample and add" cycle repeated so that over an elapsed time (le) the volume of fluid (Vc) crossing the silt land is recorded.
• If the test were allowed to run until full blockage occurred, then the value stored in the Accumulated Volume Register would represent the Contaminated Volume (Vc) and so an estimate of the fluid contamination level.
• The above-des~ribed process gets around the first ofthe two problems with the direct device, i.e. the size of the piston.
Multi-Sampling with Limited Time Duration
The second problem, i.e. the time duration for blocking to occur, may be solved by making an estimate of the contaminated volume (Vc) based on information gained as the test proceeds.
The basis for the estimate is given here (given the fore- The contaminant monitor was conceived as a means to measure particulate contaminant in hydraulic oils in typical "industrial" systems and the prototypes are based on this application. However, the principle of the device reaches far wider fields of use, some of which are listed below:
Radial Clearance
CONTROLLER
Sampling Control
Multi-Shot Sampling Position
Contaminant Estimator Controller
Industrial:
Heavy press and rolling mills Power Generating Stations
Simulation Work Conclusions
Fields of Use
• Provided the Blocking Assumption holds true, then the concept of 'Contaminated Volume' may be used as a general measure of fluid cleanlmfss.
• In the single-shot case -w-&"re'the flow land is allowed to block completely -the Contaminated Volume is achieved independently of changing pressure or temperature conditions throughout the test period.
• The Multi-Sampling approach may be used to achieve an estimate of the Contaminated Volume in a shorter time frame and using a smaller device.
Marine:
The ability to measure contamination levels on-line, and in real-time, gives insight into a very important and sensitive indicator of machinery health that has previously only been possible by off-line laboratory-based techniques. Test work with the prototype gravimetric measurement device has shown the principle of operation to be adequately sensitive for the intended purpose and to be highly repeatable. Production versions of the monitor, known as Watchdog Monitor (tm) have been patented and designed and tested in conjunction with industrial partners. Watchdog Monitor (tm) production devices are now available in this growing field of condition monitoring.
It has been shown that the blocking principle is independent of operating conditions. Changes in pressure or viscosity during land silting may cause flow rates to vary during the accumulation process, but in the end the contaminated volume (Vc) will be achieved. • Equation (6) shows that at any point in time the flow rate (Qe) changes linearly with displaced volume (Ve). Whilst equation (7) indicates that at any point in elapsed time (te), the contaminated volume (Vc) may be found from knowing the current volume (Ve) and the flow rates at the test start (Qs) and at the current instant (Qe).
The following comments can be made about equations (6) and (7) the first point is that, if we make a graph of flow rate (Qe) versus accumulated (elapsed) volume (Ve), the graph for different sets of fixed operating conditions looks something like Fig. 5 . Irrespective of the start conditions, each line will in the end pass through the same Vc point.
With regard to equation (7) it can be seen that if enough time elapses then the flow rate Qe will tend to zero and therefore, provided the accumulate volume calculation is accurate, the correct Vc value will eventually be achieved' This raises the general issue of accuracy'
